The transcription factor E2F activates genes required for S phase, such as cyclin E and cyclin A. We show that, contrary to long term eects of E2F-1 overexpression, short ectopic overexpression of this transcription factor in logarithmically growing cells does neither aect the cell cycle distribution nor the cell size, but heavily induces cyclin E and A expression as well as cyclin Eand A-dependent kinase activities. We further separated logarithmically growing E2F-1-overexpressing cells according to their dierent cell cycle phases by centrifugal elutriation. These experiments revealed that deregulated E2F-1 expression triggers high levels of cyclin E and A expression and kinase activities in small early G 1 cells, normally not exhibiting these activities. These eects on the regulation of cyclin E-and A-associated kinases are not accompanied by any detectable alteration in the rate of progression through the cell cycle, suggesting that these changes are independent of any mitogenic properties of E2F-1.
Introduction
Passage through the mammalian cell cycle requires the successive activation of dierent cyclin-dependent kinases (CDKs). Activities of these enzymes are controlled by association with cyclins, binding of inhibitory proteins and reversible phosphorylation reactions. Activation of CDK2, 4 and 6 by the Dtype cyclins is considered to initially regulate G 1 progression. The sequential activation of CDK2 by cyclin E and thereafter by cyclin A is essential for the G 1 /S transition and the progression through S phase, respectively. Finally, both cyclin A and the B-type cyclins associate with CDC2 to promote entry into mitosis (for recent reviews see Sherr and Roberts, 1995; Pines, 1995; Morgan, 1995; Grana and Reddy, 1995) . G 1 /S and S phase substrates of these enzymes include proteins implicated in replication and transcription; G 2 / M and M phase substrates are chromatin, nucleolar, cytoskeletal and motor proteins, as well as transcription factors and protein kinases (Nigg, 1995; Pines, 1995) . Much evidence has accumulated to indicate that a critical substrate through which CDKs control progression through G 1 is the retinoblastoma protein (pRb). pRb is hypophosphorylated during most of G 1 , then becomes hyperphosphorylated and looses its multiple phosphate groups not until mitosis (Hinds, 1995; Weinberg, 1995; Chen et al., 1995) . CDKs regulated by cyclins D and E have been shown to phosphorylate pRb in vitro and are therefore potential candidates for the in vivo pRb kinases. However, only overexpression of cyclin D1 not of cyclin E induces pRb phosphorylation, strongly indicating that pRb phosphorylation is a rate-limiting event more controlled by cyclin D1, while an as yet unknown critical G 1 /S substrate would be an additional target of cyclin E-CDK2 . Phosphorylation of pRB during G 1 prevents its interaction with the transcription factor E2F, inducing E2F to transactivate speci®c gene transcription. E2F was originally identi®ed as a sequence-speci®c DNA-binding protein complex that is required for the E1A-dependent transcription of the adenovirus E2 gene, and as a dierentiation-regulated transcription factor (Nevins, 1992; LaThangue, 1994) . In its simplest transcriptionally active form, E2F is a heterodimeric protein composed of an E2F and a DP family member, promoting the expression of DNA synthesis-and G 1 /S-regulatory genes (LaThangue, 1994; DeGregori et al., 1995a) . Currently, ®ve distinct E2F family members and three DP proteins are known, but the most detailed analyses have been performed with E2F-1 and DP-1 (LaThangue, 1994; MuÈ ller, 1995) . Regulation of the activity of the distinct E2F family members diers in the respect that E2F-1, E2F-2 and E2F-3 have been shown to be controlled via pRB, whereas E2F-4 and E2F-5 associate with p107 and p130 rather than pRB (MuÈ ller, 1995; Grana and Reddy, 1995) .
Recently, it has been demonstrated that the promoters of cyclin E and cyclin A contain E2F binding sites. Mutations within these sites substantially reduced the induction of these promoter activities in response to serum stimulation (Schulze et al., 1995; Ohtani et al., 1995; Geng et al., 1996; Botz et al., 1996) . It has further been shown that overexpression of E2F-1 induces cyclin E and A expression (Geng et al., 1995; DeGregori et al., 1995a; Ohtani et al., 1995) . However, since it has also been demonstrated that overexpression of E2F-1 induces cellular DNA synthesis (Johnson et al., 1993; Melillo et al., 1994; Qin et al., 1994; Shan and Lee, 1994; Kowalik et al., 1995; Lukas et al., 1996) , it is not really clear whether these eects of E2F-1 on cyclin E and A expression are, at least in part, an indirect eect of E2F-1's mitogenic properties or whether E2F-1 can target these genes independently of the cell's position in the cell cycle. Furthermore, it has not been detailly investigated whether the E2F-1 induced expression of cyclin E and A is accompanied by an increase in CDK2 kinase activity in cycling cells. Indeed, when REF52 cells are g-irradiated the E2F-1-stimulated expression of cyclin A and E is not accompanied by an increase in kinase activity (DeGregori et al., 1995b) .
We have addressed these issues using Rat1a ®broblasts which carry an inducible allele of E2F-1. Consistent with previous observations we ®nd that acute deregulated expression of E2F-1 results in increased steady state levels of the cyclin A and E mRNAs. Furthermore, this increased mRNA abundance is accompanied by increased levels of cyclin Aand E-associated kinase activities. Using centrifugal elutriation to fractionate cells according to their cell cycle position, we demonstrate that cyclin E and A mRNA and associated kinase activity are increased independent of cell cycle position. These acute changes in cyclin E and A are not accompanied by any detectable alteration in the rate of progression through the cell cycle, suggesting that these changes are independent of any mitogenic properties of E2F-1.
Results
Cell lines producing high levels of E2F-1 under the control of an inducible promoter were generated. The open reading frame of human E2F-1 was cloned downstream of a mutated methallothioneine promoter, which can be induced in the presence of zinc. The resulting p1093-E2F-1 plasmid or the vector alone was transfected into Rat1a cells to give cell lines termed p1093-E2F-1 and p1093 respectively. Addition of zinc to the medium for 6 h prior to harvesting resulted in increased expression of the E2F-1 protein in the p1093-E2F-1 cells but not in the control p1093 cells, as determined by Western blot analysis ( Figure 1a ; Qin et al., 1994) . We now investigated whether this overexpressed human E2F-1 protein exhibited site speci®c DNA binding activity. Band shift experiments using an oligonucleotide corresponding to an E2F binding site from the adenovirus E2 promoter revealed an increase in DNA binding activity after induction of E2F-1 expression by addition of zinc to the p1093-E2F-1 cells (Figure 1b) . We detected slower migrating complexes (labeled`a' in Figure 1b ) and faster migrating ones (labeled`b'). The lower complexes were identi®ed to bè free' E2Fs by treatment with deoxycholate, which dissociates pocket-protein complexes of E2F (Bagchi et al., 1990; Figure 1b) . Overexpression of E2F-1 induced the formation of the lower complexes, representing free' transcriptional active E2F (Figure 1b) . We showed that this induced DNA binding activity is due to the ectopic overexpressed E2F-1 protein since it could be supershifted with anti-E2F-1 antibody, speci®c for human E2F-1 ( Figure 1B) . A control monoclonal antibody did not induce any such supershift (data not shown). These data make it likely that the ectopic E2F-1 protein is in a transcriptionally active form and capable of activating the expression of endogenous E2F-1 target genes.
Using this cell system it has earlier been shown that ectopic E2F-1 overexpression in quiescent cells leads to Extracts from logarithmically growing Rat1a-p1093 and Rat1a-p1093-E2F-1 cells, all prepared after 6 h ZnCl 2 treatment, were incubated with a 5' end-labeled DNA fragment corresponding to an E2F binding site from the adenovirus E2 promoter. The speci®city of the resulting protein complexes was investigated by competition with excess of unlabeled probe DNA of either the wild type (wt) or the mutated (mut) sequence. To identify`free' E2F complexes a parallel sample was incubated at 48C in the presence of 0.8% deoxycholate for 20 min and then NP-40 was added to a ®nal concentration of 1.5%. E2F-1 supershifting was performed with the antibody described above S-phase entry followed by apoptosis (Qin et al., 1994) .
To explore the eects of E2F-1 in logarithmically growing cells we induced its expression by treatment with zinc for 6, 12 and 24 h. Whereas we observed a marked decrease of the proportion of G 1 cells after 24 h of zinc treatment (data not shown), we did not detect any eects on either the cell cycle distribution or cell size after 6 or after 12 h of treatment ( Figure 2 , and data not shown). Strikingly, however we found a remarkable increase of cyclin E and cyclin A mRNA levels in p1093-E2F-1 cells, after 6 h treatment with zinc ( Figure 3a ). Protein expression paralleled the observed mRNA levels (data not shown). In agreement with earlier observations obtained studying E2F-1 overexpression in arrested Go cells (DeGregori et al., 1995a) cyclin D1 is not upregulated by E2F-1 in logarithmically growing cells ( Figure 3a) . Cyclin E and cyclin A proteins are activating subunits of the cyclindependent kinase 2. Accordingly, we tested whether this upregulation of cyclin E and cyclin A expression by E2F-1 would result in increased levels of cyclin Eand A-dependent kinase activities. Cyclin E-and Aimmunoprecipitations from extracts of p1093 or p1093-E2F-1 cells, both treated for 6 h with zinc, were assayed for histone H1 kinase activity. We detected a remarkable elevation of both activities in the p1093-E2F-1 cells as compared to the control p1093 cells ( Figure 3b ). The p1093-E2F-1 cells analysed without zinc treatment exhibited the same level of cyclin A-and E-dependent kinase activity as the p1093 control cells (data not shown).
To test whether E2F-1 can induce cyclin E and A expression and their associated kinase activities independently from eects upon the cell cycle, we separated p1093-and p1093-E2F-1-cells according to their dierent cell cycle phases by centrifugal elutriation. By this method cells are separated on the basis of size without the use of drugs. This makes elutriation ideal for isolating populations of cells in speci®c phases of the cell cycle with minimal perturbation of metabolic functions (discussed in detail in HengstschlaÈ ger et al., 1994b). About 10 000 cells per separated fraction were analysed by FACS for DNA. In addition, the average size of cells within each fraction was determined with a Casy Cell Counter and Analyser (SchaÈ rfe System). As indicated by the data presented in the upper panels of Figure 4 , there was no detectable dierence in the relationship between cell size and cell cycle phase, when comparing zinc treated p1093 and p1093-E2F-1 cells. In particular, there was no discernible eect upon the cellular volume at which DNA synthesis was initiated.
The elutriated fractions were analysed for cyclin mRNA expression by Northern blotting. In control p1093 cells, cyclin E mRNA was undetectable in early Successive Northern blot hybridizations with probes speci®c for cyclin E, cyclin A and cyclin D1 are presented. Equal amounts of loaded RNA were con®rmed by staining the Northern ®lter with methylene blue. (b) After 6 h treatment with ZnCl 2 cells were lysed and protein was extracted. Cyclin A and cyclin E were immunoprecipitated and precipitates subjected to an in vitro kinase assay using histone H1 as substrate
Regulation of cyclin A-and E-kinases by E2F-1 T Soucek et al G 1 , being included in mid G 1 -phase and decreasing after S phase. Cyclin A mRNA expression was induced at the G 1 /S boundary and remained at a high level until the next G 1 phase (Figure 4 ). Similar observations were earlier made in other cell lines (for review, see Motokura and Arnold, 1993) . Overexpression of E2F-1 (p1093-E2F-1 cells after 6 h treatment with zinc) triggered high levels of both cyclin E and A mRNA expression in very early G 1 cells, although there was still an approximate twofold increase in the level of the cyclin A mRNA from early G 1 to S phase. In addition, E2F-1 overexpression inhibited the downregulation of cyclin E mRNA observed in later parts of the cycle (Figure 4 ). p1093-E2F-1 cells without induction of E2F-1 expression by zinc exhibited the normal cell cycle regulation of cyclin E and A expression (data not shown). Thus, overexpression of E2F-1 very much diminished the cell cycle dependent regulation of abundance of both mRNAs. It has been previously demonstrated that in mammalian cells cyclin E-and cyclin A-associated kinase activities are low in early G 1 cells and are induced during G 1 (Dulic et al., 1992; Ko et al., 1992; Pagano et al., 1992 Pagano et al., , 1993 . We assayed the elutriated fractions for cyclin A and E associated kinase activity. In control p1093 cells, cyclin E-dependent kinase activity was activated in mid to late G 1 and cyclin Adependent kinase activity was activated at the G 1 /S boundary. In contrast, p1093-E2F-1 cells exhibited both cyclin E-and cyclin A-dependent kinase activities at all stages of the cell cycle ( Figure 5 ). In the case of cyclin A-dependent kinase activity we still observed a twofold increase from early G 1 to S, which paralleled the mRNA abundance (Figures 4 and 5) . Here it is important to note, that whenever tested, the eects of overexpression of E2F-1 on the regulation of cyclin A expression and its associated kinase activity were not that pronounced as seen for cyclin E (see also the results obtained in logarithmically growing cells presented in Figure 3) . The results obtained with the centrifugal elutriation experiments clearly demonstrated that E2F-1 is able to induce cyclin E and cyclin A expression and their associated kinase activities in early small G 1 cells independent from any discernible eects on the cell cycle or cell size.
Discussion
Ectopic overexpression of the transcription factor E2F-1 induces entry into S-phase (Johnson et al., 1993; Melillo et al., 1994; Qin et al., 1994; Shan and Lee, 1994; Kowalik et al., 1995; Lukas et al., 1996) . We describe that short overexpression of E2F-1 (6 and 12 h) in logarithmically growing cells does neither aect cell cycle distribution nor cell size. This is very probably just the result of a delay between the activation of the induction of E2F-1 expression and its consequences for cell cycle distribution, since 24 h induction of E2F-1 causes a remarkable decrease in the amount of G 1 cells (data not shown). Using the same E2F-1 overexpressing cell system it has earlier been shown that this transcription factor can induce S phase Logarithmically growing Rat1a-p1093 and Rat1a-p1093-E2F-1 cells, both treated with ZnCl 2 for 6 h, were separated according to cell size by centrifugal elutriation. The elutriated fractions were cyto¯uorometrically analysed for DNA distribution after staining DNA with propidium iodide (upper panel). Size of the cells in the distinct elutriated fractions was determined in femtoliter by a Casy cell analysis system (SchaÈ rfe System). RNA of the separated fractions was prepared, blotted to Nylon ®lters and sequentially hybridized with probes speci®c for cyclin E and cyclin A. Equal amounts of loaded RNA were con®rmed by staining the Northern ®lter with methylene blue cyclin Eassociated kinase cyclin Aassociated kinase entry of quiescent cells (Qin et al., 1994) . Interestingly, recent data also describe a time lag between the induction of ectopic E2F-1 expression and S phase entry. The authors further demonstrated that neither endogenous pRb nor DP-1 are the limiting factors and concluded that other factors downstream of E2F-1 must be involved in promoting S-phase entry . However, this phenomenon enabled us to address a recently raised issue: It has been shown that ectopic overexpression of E2F-1 induces cyclin E and A expression (DeGregori et al., 1995a; Geng et al., 1995; Ohtani et al., 1995) . Since overexpression of E2F-1 leads to induction of cellular DNA synthesis, it is interesting to test whether these eects on cyclin E and A expression are an indirect re¯ection of E2F-1's mitogenic properties or whether E2F-1 can target these genes independently of the status of cell proliferation. Data obtained by inducing E2F-1 expression in arrested cells already strongly suggested that the activation of these genes is a direct consequence of E2F-1 rather than an event secondary to the induction of S phase: There was a substantial increase in cyclin E and A mRNA expression by 10 h after induction of E2F-1 expression, a time when there was no evidence of DNA synthesis (DeGregori et al., 1995a) . We ®nd cyclin E and cyclin A mRNA expression to be upregulated by ectopically expressed E2F-1 in cells, in which overexpression of this transcription factor does not have any eect on the cell cycle distribution. Using the approach of centrifugal elutriation we demonstrate that short overexpression of E2F-1 induces high levels of cyclin E and A mRNA in early small G 1 cells.
We further show that this upregulation of cyclin expression results in high levels of cyclin E-and Adependent kinase activities in early G 1 cells, normally not exhibiting these activities. This is signi®cant because although is has been previously demonstrated that overexpression of E2F-1 is sucient for induction of cyclin A and E mRNA it has not been previously shown that this results in increased kinase activity in cycling cells. In contrast, it has been demonstrated that expression of E2F-1 in g-irradiated cells induces expression of cyclin E and A mRNAs but this is not accompanied by an increase in kinase activity (DeGregori et al., 1995b) . Furthermore, expression of E2F-1 does drive these cells into S phase. Therefore, it seems that, in g-irradiated cells, increased cyclin A and E mRNA is not sucient for increased kinase activity and kinase activity is not necessary for E2F-1-stimulated entry into S phase. Our data show ®rst that E2F-1 can increase kinase activity in continuous cycling ®broblasts despite other potential means of negative regulation of activity, such as regulated phosphorylation events, CDK-inhibitors and assembly factors (see Sherr and Roberts, 1995; Pines, 1995; Morgan, 1995; Grana and Reddy, 1995) . In agreement with our data, it has recently been demonstrated that ectopic overexpression of cyclin A leads to activation of cyclin A-associated kinase activity in Rat1 cells .
Our results obtained by centrifugal elutriation experiments further suggest that cells can have high cyclin A and E kinase activity and not enter S phase. Therefore, elevated cyclin A and E kinase levels are not sucient for S phase entry. For cyclin E, in sense we already know this because cyclin E is activated in a normal cell prior to entry into S phase (see Figure  5) . Additionally, Ohtsubo and Roberts (1993) pointed out that cyclin E overexpressers, while containing high amounts of cyclin E-associated kinase activity in mid G 1 , did not initiate DNA synthesis before an additional time. We further know that longer constitutive overexpression of cyclin E or cyclin A results in a decrease of G 1 cells in a cycling cell population (Ohtsubo and Roberts, 1993; Resnitzky et al., 1994 Rosenberg et al., 1995) . Our observation that longer overexpression of E2F-1, causing highly upregulated cyclin E and cyclin A expression, induces a decrease of G 1 cells in randomly cycling populations is in agreement with these data. That cyclin A and E kinase activities are not sucient to drive early small G 1 cells immediately into S phase (as shown after centrifugal elutriation of 6 h E2F-1-overexpressing cells; Figure 5 ) implies that there is another control and one could imagine that this might somehow be linked to cell size.
One could also speculate that we do not see any eects on cell cycle distribution/progression after 6 h of E2F-1 overexpression, since the activation of the holoenzymes cyclin E/CDK2 and cyclin A/CDK2 could be completed just right near the end of the time of E2F-1 induction. However, we did also not detect any eects on cell cycle distribution after 12 h of E2F-1 overexpression, a time point where we know for sure that these enzymes are active at least for more than 6 h. Furthermore, very recently it has been demonstrated that overexpression of E2F-1 in arrested cells can induce CDK2 activity within 4 h (Shan et al., 1996b) . Accordingly, it is likely that CDK2 is already fully activated at least 2 h before our 6 h-point of analysis.
Another reason could be that there might be only a small de®ned window in the ongoing cell cycle, in which the cell contains enough not-phosphorylated substrates for CDK2. One could imagine that overexpression of E2F-1 would drive cells of this small window faster into S phase, and we just do not see it because of the low amount of these cells in a large pool of unaected cells. Although this is possible, we do not think that it is likely. The major substrate of cyclin E/ CDK2 and cyclin A/CDK2 is pRB. We have recently reported that the level and the phosphorylation status of pRB is the same in very early G 1 cells and some of the following elutriated G 1 fractions in Rat1 cells .
Activation of high levels of ectopic E2F-1 in quiescent cells does not induce transcription of the endogenous cyclin D1 gene (DeGregori et al., 1995a) . We con®rm these data by showing that overexpression of E2F-1 in logarithmically growing cells even seems to slightly downregulate cyclin D1 expression. Interestingly, it has been demonstrated that E2F-1 overexpression leads to an inhibition of cyclin D1-associated kinase activity and induces the expression of a p16-related transcript (Khleif et al., 1996) . In addition, centrifugal elutriation experiments using Rat1 cells demonstrated that cyclin D1 expression peaks in mid G 1 and is downregulated at the time when pRb is phosphorylated in the ongoing cell cycle . These results once again indicate that cyclin D1 is no physiological substrate of transcriptional activation by E2F.
Materials and methods

Cells and tissue culture
Rat-1a ®broblasts that had stably integrated p1093 or p1093-E2F-1 have been described previously (Qin et al., 1994) . Cells were grown in DMEM medium supplemented with 10% calf serum and antibiotics (30 mg/l penicillin, 50 mg/l streptomycin sulphate); selective pressure was maintained with 500 mg/l G418. All cultures were kept at 378C and 7% CO 2 , and routinely screened for mycoplasma. E2F-1 expression was activated with 100 mM ZnCl 2 .
Centrifugal elutriation and¯ow cytometry
Separation of logarithmically growing cells into distinct cell cycle phases was accomplished by centrifugal elutriation in a Beckman J2-21 M centrifuge and a JE-6B rotor with a standard separation chamber. The rotor was kept at a speed of 2000 r.p.m., temperature was 208C, and medium ow was controlled with a Cole-Parmer Master¯ex pump. The elutriation medium consisted of 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , and 2% calf serum in phosphate-buered saline. Consecutive fractions of 150 ± 300 ml were collected at increasing¯ow rates. Cyto¯uorometric analyses of cell cycle distributions were performed using a BectonDickinson FACScan. DNA was stained with propidium iodide (for further technical details see HengstschlaÈ ger et al., 1994a,b) . Cell size in femtoliter was determined with a Casy Cell Counter and Analyser (SchaÈ rfe System).
Northern blot analyses
Northern blot analyses have been performed as described previously . RNA, prepared using TriReagent (Molecular Research Center, Inc.), was denatured in 1 M deionized glyoxal, 4.8% dimethyl sulfoxide and 10 mM sodium phosphate (pH 6.8) for 1 h at 508C. RNA was resolved on a 1.2% agarose gel in 10 mM sodium phosphate (pH 6.8), transferred to nylon in 206SSC and immobilized by UV ®xation. Filters were hybridized in 1% BSA, 7% SDS, 0.5 M sodium phosphate buer (pH 6.8) and 1 mM EDTA for at least 10 h at 658C. After successive washing in 0.5% BSA, 5% SDS, 40 mM sodium phosphate (pH 6.8), 1 mM EDTA, and in 1% SDS, 40 mM sodium phosphate (pH 6.8), 1 mM EDTA at 658C ®lters were exposed. Hybridization probes were full length cyclin A, cyclin E, or cyclin D1 cDNA. Filters were stripped between hybridizations by incubation in 0.16SCC, 0.1% SDS for 30 min at 958C.
Western blot analyses
Protein extracts were prepared in buer containing 20 mM HEPES pH 7.9, 0.4 M NaCl, 2.5% glycerol, 1 mM EDTA, 1 mM phenylmethylsulfonyl¯uoride (PMSF), 0.5 mM NaF, 0.5 mM Na 3 VO 4 , 0.02 mg/ml leupeptin, 0.02 mg/ml aprotinin, 0.003 mg/ml benzamidinchloride, 0.1 mg/ml trypsin inhibitor, and 0.5 mM DTT. After 20 min on ice, the extracts were centrifuged and supernatants were stored at 7708C. Protein concentrations were determined using the BioRad protein assay reagent with bovine serum albumine as a standard. A total of 100 mg of protein was run on a 12% SDS-Polyacrylamide (PAA) gel and transferred to nitrocellulose. Immunodetection was performed using antihuman E2F-1 antibody (14971A, PharMingen), anti-cyclin antibodies were obtained from St. Cruz. Signals were developed using the enhanced chemiluminescence method (Amersham).
Immunoprecipitations and immune complex kinase assays
Protein extracts were prepared as described above. Cyclin immunoprecipitations and analyses of cyclin-dependent kinases were performed according to Dulic et al. (1992) . Anti-cyclin E (M-20, Santa Cruz) or anti-cyclin A antibody (H-432, Santa Cruz) was coupled to protein G-Sepharose beads and incubated with 20 ± 40 mg protein extract for several hours at 48C. For protein kinase assays these beads were resolved in a mixture containing 50 mM Tris pH 7.4, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.2 mM PMSF, 1 mM NaF, 80 mM radioactive ATP and 1.25 mg histone H1. After incubation at 378C for 30 min, proteins were separated by electrophoresis on a 12% SDS ± PAA gel. The gel was dried and exposed to X-ray ®lms at 7708C. Radioactivities of the obtained bands of the dried gels were also counted by an Instant Imager (Packard, Electronic Autoradiography).
Band shift analyses
Protein was extracted as described in the section`Western blot analyses'. Gel mobility shift analyses were carried out with 5 ± 10 mg extract (for details of the method see JansenDuÈ rr, 1995). Synthetic oligonucleotides corresponding to both strands of the distal E2F binding site of the adenovirus E2 promoter (GATCCACTAGTTTCGCGC-GCTTTCTA and GATCTAGAAAGCGCGCGAAAC-TAGTG) were used as wild type probe. The mutant oligonucleotides correspond to the sequences GATCCAC-TAGTTTACTCAGATAACTA and GATCTAGTTATCT-GAGTAAACTAGTG, respectively (Pagano et al., 1992) . For antibody perturbation experiments anti-human E2F-1 antibody (14971A, PharMingen) were added to the reaction mixture. Deoxycholate treatment was performed as described in Bagchi et al. (1990) .
